[1] Absorption coefficients of phytoplankton, nonalgal particles (NAPs), and colored dissolved organic matter (CDOM), and their relative contributions to total light absorption, are essential variables for bio-optical and biogeochemical models. However, their actual variations in the open ocean remain poorly documented, particularly for clear waters because of the difficulty in measuring very low absorption coefficients. The Biogeochemistry and Optics South Pacific Experiment (BIOSOPE) cruise investigated a large range of oceanic regimes, from mesotrophic waters around the Marquesas Islands to hyperoligotrophic waters in the subtropical gyre and eutrophic waters in the upwelling area off Chile. The spectral absorption coefficients of phytoplankton and NAPs were determined using the filter technique, while the CDOM absorption coefficients were measured using a 2 m capillary waveguide. Over the whole transect, the absorption coefficients of both dissolved and particulate components covered approximately two orders of magnitude; in the gyre, they were among the lowest ever reported for open ocean waters. In the oligotrophic and mesotrophic waters, absorption coefficients of phytoplankton and NAPs were notably lower than those measured in other oceanic areas with similar chlorophyll contents, indicating some deviation from the standard chlorophyll-absorption relationships. The contribution of absorption by NAPs to total particulate absorption showed large vertical and horizontal variations. CDOM absorption coefficients covaried with algal biomass, albeit with a high scatter. The spectral slopes of both NAP and CDOM absorption revealed structured spatial variability in relation with the trophic conditions. The relative contributions of each component to total nonwater absorption were (at a given wavelength) weakly variable over the transect, at least within the euphotic layer.
Introduction
[2] Light absorption coefficients of the various marine substances (phytoplankton, nonalgal particles, and colored dissolved organic matter) are key parameters determining the optical variability of oceanic waters, as well as their reflectance properties, and the knowledge of their variations with environmental factors is one of the prerequisites to the refinement of bio-optical models. Therefore, the spectral absorption coefficients of particulate matter, and of their two components, phytoplankton and nonalgal particles (NAPs), have been widely studied in the world ocean over the past 2 decades. To represent the observed variations, simple parameterizations have been proposed. The most documented relationships relate particulate absorption a p (l) or phytoplanktonic absorption a (l) to the chlorophyll concentration Chl, the most commonly used index of algal biomass.
Although most studies evidenced that these coefficients tend to be nonlinearly related to Chl [e.g., Mitchell and Kiefer, 1988; Cleveland, 1995; Bricaud et al., 1998; Lee et al., 1998; Sathyendranath et al., 2001] , there has been no general agreement between the various parameterizations [Bricaud, 2002] . This suggests that, besides possible methodological differences between the various studies, the a p or a versus Chl relationships might exhibit some regional and/or seasonal variations.
[3] The variability of absorption by NAPs, a NAP (l), has been less systematically investigated. Some studies suggested that the ratio a NAP /a p was not covarying with Chl [Cleveland, 1995; Bricaud et al., 1998 ], while being very variable from one oceanic region to the other, for example, between highand midlatitude waters [Sosik et al., 1992] . This ratio was found to be particularly low (around 10% or less near the surface, instead of 25-30% on average) in the subequatorial region of the South Pacific [Bricaud et al., 1998 ] and in the western equatorial Pacific [Parslow et al., 1998 ].
[4] In contrast to particulate and algal absorption, there have been very few studies dealing with the spectral absorption coefficients of colored dissolved organic matter (CDOM) in the visible domain and their variability in the open ocean. Although CDOM, which in the open ocean originates only from degradation of phytoplankton, is known to be in low concentration in those waters, its effect on the bulk optical properties of seawater has long been recognized [Prieur and Sathyendranath, 1981; Bricaud et al., 1981] . CDOM measurements in oceanic waters remained scarce for a long time, however, because the classical spectrophotometric techniques (with an optical path length limited to 0.1 m) are generally not sensitive enough for such measurements. Routine measurements became possible about 15 years ago, with the availability of in situ spectral or hyperspectral absorption meters (with 25 cm path length) equipped with filters. Simultaneous CDOM and particulate absorption measurements were performed with this technique, for example, in the equatorial Pacific, and confirmed the significant contribution of CDOM to the bulk optical properties of those waters [Pegau, 1996; Parslow et al., 1998; Simeon et al., 2003] . During the past decade, measurements on filtered samples also became accessible, with the development of liquid capillary waveguides with path lengths up to 2 m, allowing very low absorption coefficients to be measured [D'Sa et al., 1999; Miller et al., 2002] . Until now, however, few extensive analyses of the distribution of CDOM in the open ocean based on in situ measurements have been performed, and the possible relationships linking CDOM to algal biomass and other parameters remain poorly documented. It results that the parameterization of CDOM absorption in bio-optical models is still highly uncertain.
[5] Recently, estimates of "colored detrital matter" (CDM, which includes both CDOM and NAPs, CDOM being generally predominant) based on ocean color analyses have emerged, using various approaches Ciotti and Bricaud, 2006; Brown et al., 2008; Morel and Gentili, 2009] . These estimates have challenged the traditional view of CDOM as a relatively minor and stable component in the open ocean and have evidenced its dynamics at a global scale, thus confirming some in situ studies, such as that performed in the Sargasso Sea by Nelson et al. [1998] . However, most approaches remain to be validated on a larger scale with in situ measurements. Siegel et al. [2002] conducted the only study where an extensive comparison was made between satellite estimates and ocean optics databases. This study revealed a general agreement (i.e., no systematic bias) but a rather large scatter, confirming the need for in situ measurements to determine the spatial distribution of CDOM at a regional scale.
[6] The Biogeochemistry and Optics South Pacific Experiment (BIOSOPE) cruise (October-December 2004) in the southeast Pacific, which took place over an 8000 km transect from the Marquesas Islands to Concepcion (Chile), investigated a large range of oceanic regimes, from the hyperoligotrophic waters of the South Pacific Gyre (SPG) to the eutrophic waters in the upwelling area off Chile. This was a unique opportunity to investigate the spatial variations of the various components responsible for light absorption, along with numerous other optical, biological, and biogeochemical parameters, over a large variety of trophic conditions [see Claustre et al., 2008, and references therein] . In particular, the SPG, the most oligotrophic area of the world ocean according to Sea-viewing Wide Field-of-view Sensor (SeaWiFS) data, was at the time of the cruise a still unexplored region, with "extreme" values expected for all parameters including optical coefficients [Claustre and Maritorena, 2003] .
[7] The aims of this paper are (1) to describe the spatial variations of the absorption coefficients of the various components (phytoplankton, NAPs, CDOM), and of their relative contributions to total absorption, over the variety of trophic conditions encountered during the transect; (2) to investigate the relationships linking these coefficients to algal biomass and other optical parameters; and (3) to identify any specificity in the optical properties of South Pacific waters with regard to other areas of the world ocean.
Materials and Methods

Study Area and Sampling
[8] Samples were collected during the BIOSOPE (BIOgeochemistry and Optics South Pacific Experiment) cruise which took place from October 26 to December 11, 2004 in South Pacific waters (Figure 1 ). The transect covered during this cruise crossed waters with very contrasted trophic conditions, from the mesotrophic waters around the Marquesas archipelago, to the very oligotrophic waters of the SPG, and to the eutrophic waters of the coastal upwelling near Chile. Along this transect, 21 short (8-h) and 6 long (2-5 days) stations were occupied (see locations in Figure 1 ). The long stations were located in the following areas: near the Marquesas Islands (MAR), in the high-nutrient and lowchlorophyll area east of the islands (HNL), in the center and at the eastern limit of the SPG (GYR and EGY, respectively), and in the upwelling area (UPW and UPX, 112 and 29 km from the coast, respectively). Water samples were collected at 10 depths, twice a day (around 0900 and 1200), using 12 L Niskin bottles mounted on a conductivity-temperature-depth (CTD) rosette system, for pigment analyses and particulate and CDOM absorption measurements.
Pigment Analyses
[9] For pigment analyses, seawater samples (with volumes ranging from 1 L in the upwelling area to 5.6 L in the SPG) were filtered through 25 mm Whatman GF/F glass-fiber filters. Filters were immediately frozen in liquid nitrogen and stored at −80°C until analysis in the laboratory. Highperformance liquid chromatography (HPLC) measurements were performed, and 25 pigments were quantified, using a modified version of the method developed by Van Heukelem and Thomas [2001] , as described by Ras et al. [2008] . The HPLC method was improved to be able to accurately quantify pigments over the large range of trophic levels encountered, especially in strongly oligotrophic conditions. Hereafter, the term Tchl a stands for the total chlorophyll a concentration (defined similarly by Ras et al. [2008] as the sum of chlorophyll a, including allomers and epimers, divinylchlorophyll a, chlorophyllide a, and chlorophyllide a-like pigments). The term Pheo a includes the sum of pheophytin a, phaeophorbide a, and phaeophorbide a-like pigments. The measurement accuracy, as determined during intercomparison exercises [Hooker et al., 2009] , is 7% for Tchl a and 21% on average for other pigments. For the clearest waters (for which the filtered volume was equal to 5.6 L), the limits of detection (corresponding to a signal-to-noise ratio of 3) were <0.0004 mg m −3 for all pigments, for example, 0.0001 mg m −3
for Tchl a and Tchl b; 0.0002 mg m −3 for fucoxanthin, peridinin, 19′-HF, and 19′-BF; and 0.0003 mg m −3 for zeaxanthin and alloxanthin. These detection levels allowed a precise quantification of the various pigments to be performed even in the hyperoligotrophic waters of the SPG.
[10] Using these pigment determinations, the relative biomass proportions of pico-(<2 mm), nano-(2-20 mm), and microphytoplankton (20-200 mm) were estimated, for each sample, from the concentrations of some pigments that are considered biomarkers of phytoplankton groups and associated to size classes [Vidussi et al., 2001] . The biomass proportions associated with each size class were computed from pigment ratios as described by Uitz et al. [2006] . The equations used for estimating these relative contributions were derived using a database of 2419 pigment profiles collected all over the world ocean. Note also that the accuracy of pigment ratios is increased compared to individual pigments, because some errors (e.g., errors on the sampling volume), which affect all pigment concentrations in a similar way, are canceled . From the relative proportions of phytoplankton size classes, a size index, representing a rough indicator of the dominant size of the algal population, was derived as described by Bricaud et al. [2004, equation (2) ].
[11] The depth of the euphotic zone (Ze), that is, the depth where irradiance is reduced to 1% of its value just below the surface, was either measured or computed from the measured Tchl a profiles using an iterative procedure described by Morel and Berthon [1989] . The first optical depth is equal to Ze/4.6.
Particulate Absorption Measurements
[12] For particulate absorption measurements, seawater samples (with volumes varying from 1 L in the upwelling area to 11.2 L in the gyre) were collected on Whatman GF/F filters, and absorption spectra were measured directly on filters, with a Perkin-Elmer Lambda-19 spectrophotometer equipped with an integrating sphere, using a blank wet filter as a reference. Spectra were acquired between 300 and 800 nm with a 1 nm step. All spectra were shifted to zero in the near infrared by subtracting the average optical density between 750 and 800 nm, so as to minimize possible differences between sample and reference filters. Optical densities were then corrected for the path-length amplification effect, using the algorithms developed (using measurements in the subequatorial Pacific) by Allali et al. [1997] for oligotrophic and mesotrophic waters and by Bricaud and Stramski [1990] for eutrophic waters (i.e., stations UPW and UPX). Optical densities were finally converted into particulate absorption (a p ) coefficients (in m −1 ). Considering the possible variability of the b factor (partly accounted for in this study), the accuracy of the a p coefficients is estimated to be about 15%, while their precision (estimated on replicate samples) is a few percent in the visible domain (but larger in the UV domain, because of the sensitivity of mycosporine amino acids (MAAs) to the filtration process; see section 3.2.2). Note also that the filtered volume was adjusted so that even in the clearest waters the optical densities remained well above the detection limit of the spectrophotometer (e.g., an absorption coefficient of 0.001 m −1 corresponded to an optical density of 0.04).
[13] The respective contributions of phytoplankton and NAPs to total particulate absorption were determined experimentally by extracting pigments in methanol [Kishino et al., 1985] . In spite of the long extraction time (up to 2 days), residual absorption by pigments was still present on numerous samples. To correct for this effect, NAP absorption coefficients were determined by applying a nonlinear, least- squares fit to the actual spectra, according to an exponential function,
in the 300-380, 520-640, and 700-750 nm ranges, where the residual absorption by pigments can be assumed to be negligible. The wavelength l 0 is a reference wavelength, and its choice has no impact on the value of S NAP . The fit was performed on raw (i.e., not log-transformed) data.
[14] Similarly to a p spectra, a NAP spectra were then shifted to zero in the infrared, by subtracting the average optical density between 750 and 800 nm. Then, for each sample, the spectral values of a (l) were obtained by subtracting a NAP (l) from a p (l), and Chl-specific values of phytoplanktonic absorption, denoted a *(l), were computed by dividing a (l) by the [Tchl a + Pheo a] concentration.
CDOM Absorption Measurements
[15] CDOM absorption measurements were performed using a multiple path length, liquid core waveguide (Ultrapath, WPI Inc., Sarasota, FL, USA). The Ultrapath system is a spectrophotometer that includes a waveguide with a userselectable path length (2, 10, 50, and 200 cm). Water samples are injected into the cell using a peristaltic pump. Incident light provided by deuterium and tungsten sources reaches the sample cell via an optical fiber and travels by internal reflection within the waveguide. Light exiting the waveguide is collected by another optical fiber connected to a photodiode array. The instrument (UP-UV version) operates in the 250-730 nm range with a resolution of 5 nm. The system is specified to have a dynamic range of 0.002 to 231 m
, with a maximum deviation in replicate spectra <0.001 absorbance units [Miller et al., 2002] . Samples were prefiltered on a 200 mm mesh and then filtered under dim light into glass bottles, using 0.2 mm Sartorius filter units previously rinsed with at least 250 mL of Milli-Q water. They were then immediately analyzed on board, starting with surface samples to let deeper samples reach the temperature of reference water. This minimized temperature effects on absorption spectra, which result from the temperature dependence of the absorption coefficients of pure water and are mostly visible in the infrared [Pegau et al., 1997] . Reference water was HPLCquality water, artificially salted (35 g L −1 ), with precombusted salt to remove possible organic contamination. This minimizes the differences in refractive index between sample and reference, which can induce offsets in absorption [D'Sa et al., 1999] . Between measurements, the sample cell was carefully flushed successively with diluted solutions of detergent, high-reagent-grade MeOH, HCl, and Milli-Q water. The cleanliness of the cell, highly critical for the quality of measurements, was checked by controlling the stability of the transmittance of reference water. Care was also taken to avoid the presence of bubbles, which is also crucial for the quality of measurements. Their presence can be easily detected by nonzero absorption values in the near-infrared part of the spectrum. When they could not be eliminated, the corresponding measurements were discarded. Multiple measurements (including all handling and filtration steps) on one water sample showed that the reproducibility of measurements was approximately ±0.005 m −1 at 375 nm.
[16] Finally, the measured absorbance values were converted into absorption coefficients, a CDOM (l) (in m −1 ). For each spectrum, the spectral slope, S CDOM (in nm −1 ), was computed by applying a nonlinear, least-squares fit to the a CDOM (l) values between 350 and 500 nm. The fit was performed on raw (i.e., not log-transformed) data, according to the recommendations of Twardowski et al. [2004] .
Results and Discussion
[17] Hydrographic conditions encountered along the transect have been described in detail by Claustre et al. [2008] . In summary, they distinguished five main areas with different temperature, salinity, and density properties, associated with different water masses ( Figure 2 ): (1) the subequatorial area (142°W-132°W), under the influence of the South Equatorial Current, with low-salinity (35.6) and warm (>27.5°) waters; (2) the transition zone between the subequatorial area and the SPG (132°W-123°W), corresponding to the South Tropical Surface Water, less warm (around 25°) and saltier (around 36.5) than the subequatorial waters; (3) the central part of the SPG (123°W-101°W), corresponding to the strongly stratified Eastern South Pacific Central Water (ESPCW) and spanning a wide temperature and salinity range (the strong salinity gradient around 100°W corresponds to the northern limit of the Subtropical Front); (4) the zone between the SPG and the coastal upwelling area (100°W-81°W), corresponding to the transition between ESPCW and the fresher Subantarctic Surface Water [SASW; note also the tongue of low-salinity waters, which corresponds to the source of Eastern South Pacific Intermediate Water (ESPIW)]; and (5) the coastal upwelling area (east of 81°W), where the ESPIW lies above the Equatorial Subsurface Water, which is characterized by higher salinity (>34.5) and is part of the Peru-Chile Undercurrent. The distribution of these water masses rules the spatial distributions of temperature and salinity, which, in turn, influence those of algal populations and associated optical properties.
Spatial Distribution of Algal Biomass and Phytoplankton Size Classes
[18] A large diversity of waters was encountered during the cruise, with Tchl a concentrations spanning more than two orders of magnitude (0.017 to 1.5 mg m −3 ) in the surface layer. The spatial distribution of Tchl a concentrations has been (along with other pigments) described in detail by Ras et al. [2008] and is briefly summarized hereafter (see also Figure 3a ). The area around the Marquesas Islands (stations MAR and HLN) was mesotrophic, with nitrate concentrations exceeding 1 mmol L −1 in the surface layer [Raimbault et al., 2008] and surface Tchl a concentrations in the range 0.2-0.4 mg m . The surface Tchl a concentrations were the lowest in the center of the SPG (around the GYR station), reaching values as low as 0.017 mg m −3 at station 6. The upper 100 m layer of the whole SPG area was found to be nutrient depleted (with nitrate concentrations sometimes undetectable and always <0.010 mmol L −1 ) [Raimbault et al., 2008] . East of the SPG, Tchl a concentrations increased progressively toward the Chilean upwelling area (stations UPW and UPX), where they reached values up to 1.5 mg m −3 , while surface nitrate concentrations exceeded 5 mmol L −1 east of 76°W, the western limit of the upwelling [Raimbault et al., 2008] . Chlorophyllide a and pheopigments were scarce (0-1% of Tchl a) in the SPG, present in variable amounts in the mesotrophic area (around MAR and HNL stations), and present in high concentrations (up to 27% of Tchl a) in the upwelling area.
[19] The DCM, with Tchl a values approximately tenfold higher than at the surface, was found to migrate progressively from 50 m around the Marquesas Islands to 190 m at station 6 and 180 m in the center of the SPG, and then to move again toward the surface when approaching the Chilean upwelling area, where the water column was homogeneous down to approximately 50 m. The depth of the euphotic layer followed the DCM throughout the transect, except in the center of the SPG where it was located just above the DCM (Figure 3a) .
[20] The relative contributions of phytoplankton size classes to total algal biomass have also been described by Ras et al. [2008] (see Figure 3b) . Briefly, in the mesotrophic waters around the Marquesas Islands, the dominant populations were nanophytoplankton (40-50%), while the contributions of pico-and microphytoplankton to Tchl a were similar near the surface (20-30%) and approximately 40% and 10% below 100 m, respectively. Within the euphotic layer of the SPG, although picophytoplankton were the dominant population (around 50% of Tchl a), nanophytoplankton contributed 30-40% and microphytoplankton 10-20% of Tchl a. Note that the contribution of picophytoplankton was the highest (>70% near the surface) in the formation area of South Pacific tropical waters (stations 2-5, between 132°W and 125°W). In the upwelling area, the proportion of microphytoplankton increased markedly; at station UPX, it contributed to the Tchl a concentration for more than 60%, while pico-and nanophytoplankton each contributed approximately 20% near the surface and 10% at depth. The spatial distribution of the individual pigments contributing to each size class is rather complex, and a detailed description can be found in the work of Ras et al. [2008] .
Light Absorption by Phytoplankton 3.2.1. Variability of Phytoplanktonic Absorption in the Visible Domain
[21] The contour plot of the absorption coefficient of phytoplankton at 440 nm, a (440), reveals a variation range covering two orders of magnitude (0.0008-0.08 m −1 ) throughout the transect and, not surprisingly, spatial variations very similar to those of Tchl a (Figure 4a ). In spite of this similarity [which suggests a strong covariation between a (440) and the Tchl a concentration], a *(440) is far from being constant (Figure 4b , from station HNL to station 17 (approximately 137°W to 87°W). Such high values indicate a low packaging effect and/or high concentrations of nonphotosynthetic pigments, which is consistent with the abundance of picophytoplankton in this area (see Figure 3b ). In the surface layer, the highest values of a *(440) (>0.1 m 2 mg −1 ) are observed between stations 2 and 5 (132°W-125°W), which is also the area where the contribution of picoplankton to the total algal biomass is the highest (>70% ) are observed in the eutrophic upwelling area, where the contribution of microphytoplankton to total algal biomass exceeds 60% and the packaging effect is expected to be high. Intermediate values (0.05-0.075 m 2 mg −1 ) are found in the mesotrophic waters around the MAR station.
[22] Within the SPG, a *(440) tends to decrease along the vertical. This does not likely result from a change in populations (the contributions of pico-and nanophytoplankton to total algal biomass show weak vertical variations; see Figure 3b ), but from photoacclimation of cells to lower light levels (inducing a higher packaging effect, along with a decrease in the zeaxanthin/Tchl a ratio; see Ras et al. [2008] ). In the mesotrophic and eutrophic areas, a *(440) does not show such a regular trend.
[23] Examples of Chl-specific phytoplanktonic absorption spectra, for three stations (MAR, GYR, and UPW) repre- senting the typical regimes encountered during the transect and for various depths, are shown in Figure 5 . The features just described for the three stations can also be observed: the a * coefficients are the highest at the hyperoligotrophic station GYR (0.095 m 2 mg −1 at 440 nm near the surface) and are significantly lower for mesotrophic waters (0.055 m 2 mg −1 at the MAR station) and eutrophic waters (0.043 m 2 mg −1 at the UPW station). Also, the a * values decrease notably (by about a factor of 2 at 440 nm) with increasing depth at the GYR station, whereas they are relatively homogeneous within the 0-50 m layer at the UPW station and down to 100 m at the MAR station. Note also that absorption spectra measured in the surface layer at all sites reveal bumps around 320 nm originating from the presence of MAAs.
[24] Our previous studies for various waters [Bricaud et al., 1995 [Bricaud et al., , 2004 and for the subequatorial Pacific [Allali et al., 1997] already evidenced that the a coefficients tend to increase (and the a * coefficients tend to decrease) nonlinearly with increasing Tchl a values as a result of both a decreasing contribution of nonphotosynthetic pigments and increasing pigment packaging. This general trend is thus confirmed for the southeast Pacific waters, including for hyperoligotrophic waters, which were quasi-absent in the previous data sets (Figure 6 ). Note, however, that the a (440) values observed for the southeast Pacific waters are (with the exception of the upwelling area) notably lower than those observed for other oceanic areas with a similar chlorophyll content. For instance, the a (440) values measured in the surface layer (first optical depth) over the Tchl a range 0.03-0.2 mg m −3 are 30%-50% lower than those measured in the Mediterranean, Atlantic, and subequatorial Pacific waters ( Figure 6 ). The difference is still more striking for the waters in the center of the SPG (with Tchl a concentrations around 0.02 mg m −3 ), where the a (440) values (around 0.0015 m −1 ) are three times lower than in the Mediterranean (0.004-0.005 m −1 ). In the upwelling area, in contrast, the a (440) values are close to those observed, for similar Tchl a contents, in Atlantic waters (Mauritanian and Benguela upwelling areas). As a result, the relationship obtained by fitting a power function to the data from the BIOSOPE area (first optical depth),
is notably different from, and closer to linearity than, the average relationship derived by Bricaud et al. [2004] :
Such low a values can result from a lower contribution (compared to previous observations) of some accessory pigments to a (440), from differences in the size structure of algal populations (a larger algal size induces a larger packaging effect and therefore lower a coefficients [e.g., Morel and Bricaud, 1981] ), or both. The variations in ratios of accessory pigments to Tchl a with Tchl a were examined independently for the four main groups of accessory pigments: (1) chlorophyll b and divinyl Chl b; (2) chlorophyll c1, c2, and c3; (3) photosynthetic carotenoids (including fucoxanthin, peridinin, 19′-HF, and 19′-BF); and (4) nonphotosynthetic carotenoids (PPCs, including zeaxanthin, diadinoxanthin, alloxanthin, and b-carotene). For the first three groups, the ratios were not significantly lower than for other areas (not shown). The PPC/Tchl a ratios were not different either, except for the most oligotrophic waters of the SPG (with TCHL a < 0.03 mg m −3 ), where values were higher than in the Mediterranean but notably lower than in the (less oligotrophic) subequatorial Pacific waters (Figure 7a ).
[25] Considering the variations in the size index of algal populations with Tchl a concentrations (Figure 7b ), it can be observed that phytoplankton in the BIOSOPE area are in a Figure 5 . Examples of Chl-specific phytoplanktonic absorption spectra measured at three stations: the mesotrophic station MAR (day 3), the hyperoligotrophic station GYR (day 3), and the upwelling station UPW (day 1) (see Figure 1 for the location of stations). [Bricaud et al., 2004] , respectively. similar size range compared to other areas with similar Tchl a contents, except in the clearest waters (Tchl a < 0.03 mg m −3 ), where the size index (7-10 mm) is about three times higher than for Mediterranean waters (1-4 mm).
[26] Therefore, differences in average algal size and nonphotosynthetic pigment contents both can account for the lower a (440) coefficients observed in the SPG compared to other areas. These differences tend to blur in mesotrophic waters, and disappear in eutrophic waters, consistently with the behavior of a (440) coefficients. Both the higher algal size and the lower PPC content (relatively to Tchl a) likely result from the significant contribution of nanophytoplankton to the total biomass in the oligotrophic waters within and around the gyre (Figure 3b ). While nanophytoplanktonic species contributed to total biomass for about 40% in the SPG, they were in much lower quantity (if not absent) in the oligotrophic waters of other (subequatorial Pacific, Mediterranean, and Atlantic) areas, characterized by a predominance of picophytoplankton.
Variability of Phytoplanktonic Absorption in the UV Domain: Influence of MAAs
[27] Phytoplanktonic absorption spectra shown as examples in Figure 5 exhibit a high variability in the UV domain, with the bumps around 320 nm mostly apparent in the surface layer and decreasing in amplitude along the vertical. This suggests that the concentration of MAAs in algal cells is high in the surface layer and lower at depth. The variability of algal absorption in the UV domain, however, has to be considered cautiously when it is determined from filters. Laurion et al. [2003] demonstrated, on cultured species containing MAAs, that these can be released through the intact cell membranes during (or very shortly after) filtration, which induces an increase in absorption in the UV domain. They also observed (at least for dinoflagellates) that the amplitude of the UV peak varies with the time elapsed since filtration. Therefore, the observed variations are possibly subject to large uncertainties.
[28] These variations, however, appear to be spatially well structured. An index of the abundance of MAAs is the absorption ratio a (320)/a (365). The contour plot of this ratio (Figure 8) shows that MAAs are abundant [a (320)/a (365) > 2] in the surface layer of the whole area, except around the HNL and UPX stations. The absorption ratio reaches 5 in the surface layer of the SPG and is higher than 3 down to approximately 50 m. This abundance in the surface layer was expected because the production of MAAs to protect cells from UV radiation damage is a well-known mechanism [e.g., Dunlap and Schick, 1998] . A large diversity in the shape of UV absorption can be observed on algal absorption spectra (see examples in Figure 5 ). Some reveal a narrow peak around 310-320 nm, indicating the presence of a dominant type of MAAs, which could be mycosporineglycine or palythine [Laurion et al., 2003] , whereas other spectra reveal high UV absorption but no individualized peak, indicating the presence of a mixture of various MAAs. This suggests a compositional change of MAAs along the transect, which, however, does not appear clearly spatially structured. in mesotrophic and eutrophic waters and at depth [ Figure 9b ; high values below the DCM are likely artifactual, as a NAP (440) and Tchl a are both close to zero]. This indicates that the proportion of nonalgal particles to algal biomass is the highest in the surface layer of the gyre or, alternatively, that nonalgal particles are of a different nature (and more colored) than in other areas.
Light Absorption by
[31] Figure 10a demonstrates that the variations of a NAP (440) are actually correlated with those of Tchl a concentration, with however a large scatter, especially for waters with Tchl a < 0.5 mg m −3 . If the analysis is restricted to the first optical depth, the trend remains similar (Figure 9b ). It appears that, in the oligotrophic and mesotrophic waters of the BIOSOPE area (Tchl a < 0.5 mg m −3 ), the a NAP (440) values are similar to those measured in subequatorial Pacific waters but lower than in the Mediterranean and Atlantic waters with similar Tchl a concentrations. For eutrophic waters (Tchl a > 1 mg m −3 ), the a NAP (440) values are similar to those measured in other areas of the world ocean. For the surface layer (limited to the first optical depth), the regression analysis provides the following relationships:
for the BIOSOPE area and
when all samples are pooled together, evidencing that values for the BIOSOPE area are on average twofold lower than in other areas for a given Tchl a content.
[32] Because both a and a NAP are lower than in other areas with similar Tchl a contents, it results that this is also the case for the particulate absorption coefficient, a p . It is interesting to check whether the nonalgal-to-particulate-absorption ratio a NAP /a p differs from other areas. As shown in Figure 11 , the a NAP (440)/a p (440) ratios are significantly different from those observed in other regions (see legend of Figure 11 ). They are on average lower than those measured in the Mediterranean and Atlantic waters but remain larger than the (extremely low) values measured in the subequatorial Pacific. This suggests that in southeast Pacific waters not only the amplitude of a and a NAP coefficients but also their relative contributions to particulate absorption are significantly different from that in other areas. Note that differences in the bio-optical behaviors of South Pacific and Mediterranean waters were also observed by Morel et al. [2007b] considering the downward irradiance attenuation coefficients K d (which are close to total absorption coefficients).
[33] It is also worth noting that for the BIOSOPE area, the a NAP (440)/a p (440) ratio shows a significant trend to increase with decreasing Tchl a concentration (see legend of Figure 11) , from approximately 0.1 in the upwelling area to 0.2-0.5 in the SPG, indicating a higher relative concentration of (or more colored?) nonalgal particles when going toward the clearest waters. Such a trend is much less visible when measurements from all geographical regions are pooled together (Figure 11 ).
Spatial Variations of the Spectral Slope of Nonalgal Absorption
[34] For all samples, the spectral dependence of a NAP (l) was well represented by an exponential function, and the standard error on the S NAP estimate never exceeded 0.1%. The S NAP values were found to vary in the range 0.007-0.014 nm −1 (Figure 9c) , with an average value of 0.0094 (±0.0018) nm −1 . This average value is slightly lower than those found, for example, by Roesler et al. [1989] (0.011 ± 0.002 nm ). This was expected, because our range of values includes the significantly lower slopes measured for waters below the euphotic depth (not included in the previously mentioned studies). Actually, the S NAP values are spatially well structured (Figure 9c ): above the DCM, they remain high (0.010-0.014 nm −1 ) over the whole transect (except around the MAR station), while below the DCM they are mostly in the range 0.007-0.010 nm −1 . Maximum values (>0.013 nm −1 ) appear near the surface between 132°W and 125°W, where the highest abundance of picophytoplankton was observed (see Figure 1b) , which suggests that picoplanktonic cells tend to generate (or be associated to) rather "colored" detritus (see next paragraph). ), for the cruise transect.
[35] In their study of the optical properties of surface coastal waters around Europe, Babin et al. [2003] suggested that the observed variations in S NAP were mostly related to the proportion of mineral and organic matter, as S NAP values were spanning a relatively narrow range (0.0109-0.0137 nm −1 ) for the various sites with predominantly organic particles (Mediterranean, Adriatic, Atlantic, and Baltic seas). In contrast, over the BIOSOPE area, where mineral matter inputs are negligible, the S NAP values cover a large range, from approximately 0.008 to 0.016 nm −1 in the surface layer. This suggests that the presence of organic particles of different nature (biogenous detritus, heterotrophs, etc.), coexisting in variable proportions within the nonalgal pool, may lead to significant variations in S NAP values. Although poorly correlated to algal biomass ( Figure 12a ) and a NAP (440) (Figure 12b) , the S NAP values show a significant decreasing trend (see legend of Figure 12b ) with increasing a NAP (440) values (both within the first optical depth and in deeper waters). In the upwelling area, however, high S NAP values (>0.01 nm ). This indicates that there occurs a continuous variation in the composition of the nonalgal pool from the clearest waters of the SPG (colored particles in low concentrations) to mesotrophic waters around the Marquesas Islands (weakly colored particles in higher concentrations); in the upwelling area, conversely, nonalgal particles are both abundant and colored.
Light Absorption by CDOM 3.4.1. Spatial Variations of CDOM Absorption
[36] In the surface layer, the a CDOM (440) values are the lowest (<0.01 m −1 ) in the center of the SPG and increase progressively toward mesotrophic and eutrophic waters, reaching more than 0.04 m −1 in the upwelling area (Figure 13a ). Except in this area (where values are relatively stable within the 0-50 m layer and decrease below), a CDOM (440) values tend to increase within the DCM, by approximately a factor of 2, compared to the surface layer (Figure 13a) . Such an increase with depth has already been observed in the equatorial Pacific [Pegau, 1996] . The low values of CDOM absorption in the surface layer, compared to that in deeper waters, suggest that photobleaching has a major, if not dominant, role in controlling the CDOM concentration near the surface [e.g., Chen and Bada, 1992] . Variations of the nonalgal-to-total-particulateabsorption ratio a NAP /a p at 440 nm as a function of the [Tchl a + pheo a] concentration (a) for all depths and (b) for the first optical depth, for various areas. Average values (log-transformed data) for each area were compared using a Fisher protected least significant difference (PLSD) test. All of them were found to be significantly different (p < 0.0001), except the Mediterranean and Atlantic values. For BIOSOPE measurements, the average values for the two groups corresponding to chlorophyll concentrations less than or greater than 0.01 mg m −3 , respectively, were also found to be significantly different (Fisher PLSD test, p < 0.0001).
[37] The overall range of variation of a CDOM (440) is slightly narrower than those of a (440) and a NAP (440): approximately 1.5 orders of magnitude (from 0.001 to 0.06 m −1 ) instead of two orders of magnitude for a (440) and a NAP (440). (note that values around 0.001 m −1 correspond to optical densities around 8.6 × 10 −4 , which are only slightly above the detection limit of the instrument.) The a CDOM (440) values covary with the Tchl a concentration, but with a very high scatter (Figure 14a ). Such variability in the relationship was expected, because the vertical variations of Tchl a concentration and CDOM absorption do not show any similarity (see Figures 3a and 13a) . When the data set is restricted to the first optical depth, the scatter is strongly reduced, with 72% of the variability in a CDOM (440) accounted for by the Tchl a concentration:
A similar relationship can be established for the wavelength 370 nm:
with the aim to compare it with that derived by Morel et al. [2007a] over the same area, by inverting total absorption coefficients from measured apparent optical properties (diffuse attenuation coefficients and diffuse reflectances) and then subtracting the absorption coefficient of pure water and the measured particulate absorption coefficients,
The agreement between both relationships is quite good (Figure 14b ), which suggests that the closure between inherent (absorption coefficients) and apparent optical properties over the transect is rather well achieved. Part of the scatter around equation (5b) might be artifactual (due to measurement errors, especially for low CDOM contents). Several studies, however, have shown that, even in the open ocean, the part of the variance in a CDOM explained by algal biomass is generally rather low [e.g., Bricaud et al., 1981; Reynolds et al., 2001] . Both the general trend (progressive increase in a CDOM from the SPG to the upwelling area) and the scatter observed in Figure 14 are consistent with the assumption made several decades ago [Kopelevich and Burenkov, 1977] that CDOM is a long-lived product of phytoplankton degradation and reflects the average biological activity in the considered area, whereas small-scale changes in biomass do not necessarily induce changes in the CDOM content.
Spatial Variations of the Spectral Slope of CDOM Absorption
[38] Over the transect, the spectral slope values, S CDOM , span the range 0.007-0.032 nm −1 (Figure 13b ) with an average value of 0.0145 (±0.0034) nm −1 . Standard errors on the S CDOM estimates vary between 0.4% and 4.6%, with an average value of 1.6% for the whole data set. While the average value of S CDOM is similar to many previous observations [e.g., Bricaud et al., 1981; Blough et al., 1993; Barnard et al., 1998 ], the variation range over the transect is surprisingly large. Even if it has been acknowledged that a large part of the variability in the published S CDOM values results from the use of different spectral ranges [Twardowski et al., 2004] , the present results confirm that S CDOM is also subject to a large actual variability. Several authors have suggested that these variations provide information on the history of the CDOM pool; for example, they may reflect the relative proportions of humic and fulvic acids in the CDOM pool , the relative contributions of biologically semilabile and more refractory fractions , or the selective bleaching of some CDOM components by sunlight, which induces a shift from complexes of high molecular weight to smaller complexes absorbing at shorter wavelengths [Whitehead et al., 2000; Twardowski and Donaghay, 2002] . These various phenomena are expected to vary both horizontally and vertically. (440) > 0.002 m −1 were compared using a Fisher PLSD test and were found to be significantly different (p < 0.0001).
[39] Although not strongly spatially structured, the S CDOM values show a clear tendency to decrease when going from the SPG toward the upwelling area (Figure 13b ). The decrease around 100°W corresponds to the transition between ESPCW and the SASW and is associated with a strong decrease in salinity (Figure 2b) . The S CDOM values show no relationship with the Tchl a concentration (Figure 15a ), but covary inversely with CDOM absorption (Figure 15b ), which is consistent with numerous previous observations [e.g., Carder et al., 1989; Nelson and Siegel, 2002] . The large variability in S CDOM for low a CDOM (440) values has been pointed out by several authors [e.g., Vodacek et al., 1997] . It is likely partly artifactual (i.e., due to increasing experimental errors for waters with low CDOM contents) but might also result from various actual phenomena (photobleaching, variable nature of CDOM, etc.), as mentioned in the previous paragraph.
[40] Examples of a CDOM spectra, for three stations (MAR, GYR, and UPW) representing the typical trophic regimes encountered during the transect, are shown in Figure 16 . Besides the general exponential dependence of a CDOM over the whole UV-visible domain, one noticeable feature is the "bump" of absorption around 410-420 nm on some spectra, especially those measured in the upwelling area from the surface down to 100 m. It is virtually absent in the surface layer of oligotrophic and mesotrophic areas and appears with increasing depth in these areas. This is the case also for pheopigments (pheophytin a and pheophorbide a, which present an absorption maximum around 410 nm), which suggests that this bump could be produced by pheopigments, either naturally present in the dissolved phase in seawater or released from cells during the filtration process.
Relative Contributions of the Three Components to Total Nonwater Absorption
[41] The relative contributions of phytoplankton, nonalgal particles, and CDOM to total nonwater absorption can be derived at any wavelength from the optical measurements performed in the BIOSOPE area. Note that, while the uncertainty of individual absorption coefficients is about 15%, the uncertainty of absorption ratios is expected to be lower, because some sources of error (e.g., the b factor) simultaneously affect the a p , a , and a NAP coefficients. The absorption budgets are presented here at two wavelengths, 440 and 380 nm (Figure 17 ). Similar to 440 nm, the wavelength 380 nm is relevant to remote sensing applications, because it corresponds (or is close) to the UV channel of some historical (e.g., GLI), current (HICO) and future (e.g., S-GLI) ocean color sensors. [42] One striking, and rather unexpected, feature is that, whatever the considered wavelength, the relative contributions of each component within the euphotic layer are only weakly variable with the trophic state of the waters. At 440 nm, and over the whole area, phytoplankton contribute to 30-60% of total nonwater absorption from the surface to the DCM. This contribution decreases to <30% below the DCM. Nonalgal particles contribute to 10-20% in the surface layer of the SPG and to 10% or less elsewhere. Over the whole area, CDOM contributes to 40-50% of total nonwater absorption from the surface to the DCM, while its contribution increases toward 90-100% below the DCM. Therefore, from the surface to the DCM, the relative contributions of phytoplankton and CDOM to total nonwater absorption are rather similar at 440 nm, whereas nonalgal particles appear to be a minor component. These figures lead to a relative contribution of CDM (at 440 nm) of around 50-60% near the surface, which is quite in the range of satellite estimates (using the GarverSiegel-Maritorena (GSM) model) provided by Siegel et al. [2002, Figure 2] for the same area.
[43] At 380 nm, the relative contributions are completely modified, as expected, and the major contribution (60-80% of total nonwater absorption) becomes that of CDOM, whatever the area and depth. The dominant influence of CDOM on light absorption in this wavelength domain has long been recognized [e.g., Nelson et al., 1998, and references therein] . At this wavelength, phytoplankton and nonalgal particles contribute much more weakly, and for similar parts (10-20%), to total nonwater absorption.
[44] It is also interesting to consider the contribution of pure seawater to total absorption coefficients, and its spatial variations over the transect (Figure 18 ). While this contribution is less than 15% in the upwelling area, it exceeds 40% in the whole SPG (at both 440 and 380 nm) and can be locally as high as 70% at 440 nm. Therefore, while in most oceanic systems light availability at blue wavelengths is essentially ruled by phytoplankton and associated biogenous matter, in the particular system of the SPG, pure water becomes the dominant factor ruling this light availability, at least above the DCM.
Summary and Conclusions
[45] The absorption coefficients of phytoplankton, nonalgal particles, and CDOM measured along the BIOSOPE transect showed a large variability in accordance with the variety of trophic states encountered. In the South Pacific Gyre, they were among the lowest ever reported for open ocean waters.
[46] Although the absorption coefficients of phytoplankton, a (l), measured in the Chile upwelling area were in good agreement with previously published parameterizations for the 440 nm wavelength [Bricaud et al., 1998 [Bricaud et al., , 2004 , in the oligotrophic and mesotrophic waters of the sampled area, they were lower than expected from the average relationships. These lower coefficients (compared to waters with a similar Tchl a content) were found to originate from a lower (relative to Tchl a) nonphotosynthetic carotenoïd content combined with a larger average cell size. Figure 16 . Examples of CDOM absorption spectra measured at three stations: the mesotrophic station MAR (day 3), the hyperoligotrophic station GYR (day 3), and the upwelling station UPW (day 1) (see Figure 1 for the locations of the stations). [47] The absorption coefficients of nonalgal particles, a NAP (l), were also lower (at 440 nm) than those previously observed in most other areas, with the exception of the subequatorial Pacific. Over the BIOSOPE transect, the contribution of nonalgal particles to total particulate absorption (a NAP /a p at 440 nm) was found to decrease with increasing Tchl a concentration, indicating the presence of proportionally more numerous, or more colored, nonalgal particles in the SPG compared to the upwelling area. Note, however, that for a given Tchl a content, this contribution was on average lower in South Pacific waters than in other (Atlantic or Mediterranean) sites. The spectral slope of absorption by nonalgal particles (S NAP ) showed large (0.007-0.014 nm −1 ), and spatially structured, variations over the whole area, indicating large variations in the composition of the nonalgal pool. Such variations have generally been related to variable proportions in mineral and organic matters and have been very seldom evidenced in oceanic areas with negligible mineral inputs.
[48] The absorption coefficients of CDOM could be measured in the clearest waters of the world ocean thanks to an instrument equipped with a 2 m capillary cell. These coefficients varied over a large range across the sampled area, although this range was narrower than those observed for phytoplankton and nonalgal particles (1.5 instead of 2 orders of magnitude at 440 nm). They were also found to covary with algal biomass in the surface layer, and the observed relationship was in good agreement with that derived from inversion of apparent optical properties. More systematic measurements of CDOM absorption will be needed in various environments to confirm the existence, and the spatial and temporal variability, of such relationships which could be directly usable in bio-optical models. It must be kept in mind, however, that a large scatter affects these relationships, which is consistent with the fact that the CDOM concentration reflects an average of the biological activity rather than short-term changes in algal biomass.
[49] The slope values for CDOM absorption (S CDOM ) varied over a surprisingly large range for the open ocean (0.0145 ± 0.0034 nm −1 ). Although not strongly spatially structured, and not related to the Tchl a content of waters, the S CDOM values were observed to vary inversely to a CDOM (440). Figure 18 . Contour plots of the relative contribution of pure seawater to the total absorption coefficient, at (top) 440 nm and (bottom) 380 nm. Absorption coefficients of pure water used for computations are those published by Pope and Fry [1997] .
Previously published studies have already emphasized such inverse relationships, but they dealt mostly with coastal environments. The present study suggests that such relationships could be applicable to the open ocean. This could be exploited for an improved representation of the CDOM contribution to total absorption in bio-optical models, to the extent that more is known on the spatial and temporal variability of such relationships.
[50] The present study has also demonstrated, somewhat surprisingly, that the relative contributions of phytoplankton, nonalgal particles, and CDOM to nonwater absorption are rather weakly variable with the trophic state of waters, at least within the euphotic layer. As expected, these contributions are, in contrast, highly dependent on the considered wavelength: at 440 nm, the major contributors were observed to be phytoplankton and CDOM, with similar contributions (around 40-50%), whereas at 380 nm, the main contributor was CDOM (>60%). Such absorption budgets can be derived for each relevant wavelength and could contribute both to the improvement of bio-optical models and to the validation of current approaches that provide satellite estimates of CDM and phytoplankton absorption for the considered area.
